Lasing properties of GaAs/(Al,Ga)As quantum-cascade lasers as a function of injector doping density
The high-quality growth of complex planar heterostructures with more than one thousand layers has led to the development and application of quantum-cascade lasers (QCLs). 1 While mid-infrared QCLs are often based on the (In,Ga)As/(In,Al)As materials system, QCLs for the terahertz (THz) spectral region 2 utilize mainly GaAs/(Al,Ga)As heterostructures. However, mid-infrared QCLs have also been reported for the GaAs/(Al,Ga)As 3, 4 and the GaAs/AlAs system. 5 A particular challenge for the design of GaAs/ (Al,Ga)As QCLs is the indirect character of the band offset in the heterostructures for larger Al content.
During the last decade, THz QCLs have been used as radiation sources for modulation spectroscopy, 6 for local oscillators in heterodyne receivers for astronomy, [7] [8] [9] and for sophisticated THz imaging techniques. 10 For many of these applications, the continuous-wave (cw) mode is required in order to achieve frequency-stabilized operation. At the same time, cryogenic-liquid-free coolers are preferred. In particular, QCLs used in airborne heterodyne receivers such as the German REceiver for Astronomy at Terahertz (GREAT) frequencies on board of the Stratospheric Observatory For Infrared Astronomy (SOFIA) have to be operated in a mechanical cooler. Recently, 4.75 THz QCLs fulfilling specifications for the use in airborne instruments have been developed. 11, 12 The QCL realized recently by our group for GREAT 12 with a target frequency of 4.7448 THz allows for an optical power of 1.2 mW requiring about 4 W of electrical power at 10 K, which corresponds to a wall plug efficiency of 3 Â 10
À4
. While this laser is based on a single-plasmon waveguide in order to obtain an almost Gaussian beam profile using a TPX lens, an alternative approach comprises the use of metal-metal waveguides with third-order distributed-feedback structures.
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In Ref. 11, the QCL was reported to provide an optical power of about 0.25 mW at 10 K with an electrical power of about 0.7 W, i.e., a wall plug efficiency of 3.6 Â 10
À4
. For the use of less demanding cooling systems, an increase in the wall plug efficiency is highly desirable.
The majority of THz QCLs are based on the GaAs/ Al x Ga 1Àx As heterostructures with 0:1 x 0:25.
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Lower Al content allows for sufficient coupling through thicker injection barriers so that the layer thicknesses can be better controlled during growth. Furthermore, the subband structure is more robust against thickness fluctuations, which facilitates the design. Only a few attempts have been made to use other material systems such as (In,Ga)As/ (In,Al)As and (In,Ga)As/Ga(As,Sb). 16, 17 More than 10 years ago, Ulrich et al. 18 showed that AlAs barriers allow for a higher electroluminescence efficiency, which was ascribed to a reduction of the alloy scattering in the barriers. Recently, THz QCLs have been presented introducing a tall AlAs barrier in order to reduce parasitic leakage currents. 19 This structure showed an improved temperature performance compared to a sample without the tall barrier grown in the same system, while a design using only AlAs barriers was reported to fail to lase. As a reason, the authors discussed either negative differential conductance (NDC) at low voltages or excessive interface roughness scattering.
In this letter, we demonstrate that replacing the ternary Al x Ga 1Àx As barriers by binary AlAs layers can lead to more than three times larger wall plug efficiencies. In order to directly compare the operating parameters of those lasers, we adjusted the design B2 of Ref. 9 , which is used in GREAT, as little as possible. The barrier thicknesses L B;1 of the design with Al 0.25 Ga 0.75 As barriers were scaled down to obtain the values L B;2 for the GaAs/AlAs structure according to the barrier heights, i.e., the conduction band offsets DE C , using the scaling relation,
The barrier thicknesses were rounded to integer values of monolayers (MLs) with a minimum thickness of 2 MLs. The quantum well thicknesses have been adjusted so that the subband structures of the two designs are very similar. The injection barriers are thinner than determined by the scaling relation in order to compensate for the influence of interface grading 20, 21 on the coupling strength between wave functions close to the GaAs conduction band edge. For the band offsets, we used DE C;1 ¼ 232 meV and DE C;2 ¼ 982 meV. For a refined scaling of the barrier thicknesses, more sophisticated methods such as inverse-quantum-engineering 22 may be applied. Figure 1 shows the potential profile and the squared moduli of the wave functions for both designs. The structure with Al 0.25 Ga 0.75 As barriers shown in Fig. 1 (a) exhibits a somewhat larger miniband width due to the stronger coupling through the lower barriers than the structure with AlAs barriers shown in Fig. 1(b) . Similarly, the coupling through the injection barrier is stronger. In order to compensate the weaker coupling in the structure with AlAs barriers, the doping for this design was increased. Furthermore, the state R, which leads to reabsorption by electronic transitions from the upper laser level, is shifted to much higher energies. Similarly, the state P, which may be responsible for leakage from the miniband directly to the lower laser level, is shifted and completely decoupled from the other wave functions. All relevant states in the GaAs/AlAs structure are well below the X minimum of the AlAs band structure schematically indicated by the dashed line. Therefore, C-X-C transfer is expected to be negligible.
Figures 2(a) and 2(b) show the calculated gain maps for the designs employing Al 0.25 Ga 0.75 As and AlAs barriers, respectively, using a self-consistent rate equation model. 24 In both designs, the gain maximum is close to the target frequency of 4.7448 THz with the onset of the gain at somewhat lower field strengths for the GaAs/AlAs structure. Both structures show a similar red shift of the gain maximum with increasing electrical field strength. The calculated current density-electric field strength characteristics, as shown in Figs. 2(c) and 2(d), exhibit larger current densities for the design with the Al 0.25 Ga 0.75 As barriers with a similar shape of the curve, despite the different doping density. Note that the applied model does not completely reflect the coupling properties since coherent processes [25] [26] [27] are not included so that the accuracy of the absolute values must not be overestimated. Furthermore, the effect of the doping density is reduced by the formation of an intra-period dipole-like space charge.
Two GaAs/AlAs QCLs with a target frequency of 4.7448 THz were grown using molecular beam epitaxy on semiinsulating GaAs wafers for processing into single-plasmon waveguides and Fabry-P erot ridge lasers. As the reference laser for the comparison with QCLs employing Al 0.25 Ga 0.75 As barriers, we used the laser selected for use in GREAT out of a larger series of lasers. 28 This QCL ranks among the best with respect to frequency and threshold current density. Both lasers consist of 88 periods with a total thickness of about 11 (Al 0.25 Ga 0.75 As) and 10.8 lm (AlAs). The growth of the very thin AlAs barriers with 2-4 ML thickness is rather challenging. The straightforward way to increase the Al shutter opening time for such a thin AlAs layer would be to substantially decrease the AlAs growth rate. However, this would lead to very different V/III flux ratios during the growth of the AlAs and GaAs layers, since the As 4 flux cannot be adjusted individually for every single layer, but is kept constant throughout Furthermore, x-ray diffraction data as shown in Fig. 3 exhibit a deviation of the period length of about 2% of the nominal values. During growth, the substrate was rotated at a speed of 12.04 rpm, which corresponds to 150 rotations per period. Typically, we observe a parabolic decrease of the growth rates from the center to the edge of the 2-in. substrate. At a distance of 20 mm, the GaAs (AlAs) growth rate is about 1.5% (3.0%) smaller than at the center. The samples were processed by photolithography and standard wet chemical etching for the (Al,Ga)As materials system using an identical procedure for all lasers. The etching solution is H 2 SO 4 :H 2 O 2 :H 2 O (1:1:8). The role of oxidation of the AlAs for device stability is subject to a long-term observation. However, we do not expect severe problems since GaAs/AlAs superlattices have been extensively investigated for decades even for rather sophisticated effects. 29 Furthermore, a study of the growth conditions with respect to interface roughness or background doping level 30 on the operating properties may improve the device characteristics.
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The QCLs were measured in a He-flow cryostat with a polyethylene window. The output power was detected using a commercial, calibrated pyroelectric power meter, 31 while the laser emission spectra were recorded using a Fourier transform infrared spectrometer. In order to rule out possible modifications of the collection efficiency, the data for the GaAs/ AlAs QCL were measured immediately after the GaAs/ Al 0.25 Ga 0.75 As QCL using the same setup, and the lasers were operated under identical conditions. Furthermore, different values for the thermal conductance of the samples may have an effect on the operating properties under cw operation so that the experiments focused on pulsed operation. Figures 4(a) and 4(b) show the experimental light output-current densityvoltage (L-J-V) characteristics of the two QCLs. Both lasers exhibit similar maximum optical output power of about 8 mW at 10 K. However, the corresponding current densities for the QCL with the AlAs barriers are smaller by a factor of approximately 2 over the whole range. The threshold current density is about 120 A/cm 2 for the GaAs/AlAs QCL, while the value is about 340 A/cm 2 for the GaAs/Al 0.25 Ga 0.75 As QCL. At the same time, the corresponding measured as well as simulated voltage values (cf. Fig. 2 ) are also smaller so that the (pulse mode) wall plug efficiency for the laser with the AlAs barriers reaches about 1.2 Â 10
À3
, while the value is 3.2 Â 10 À4 for the QCL with the Al 0.25 Ga 0.75 As barriers. Figure 5 (a) displays measured spectra of the GaAs/AlAs QCL for several operating conditions, which shows that the target frequency of 4.7448 THz is well included in the mode spectra of this QCL.
The significantly higher wall plug efficiency of the QCL with the AlAs barriers compared to the GaAs/Al 0.25 Ga 0.75 As QCL is a clear indication of substantially reduced leakage currents. The reduced pumping energy can in part be explained by the design improvements discussed above such as the shift of levels R (reabsorption) and P (leakage). In addition, leakage into quasi-continuum states, which are shifted to much higher energies, may be reduced. The somewhat weaker coupling through the AlAs barriers may also affect the coherent transport. In addition, the improvements may also be explained by reduced composition fluctuations in the barriers. Due to interface grading, the Al content in the rather thin AlAs barriers does not reach 100%. Assuming an interface parameter of 1 ML, the injection barriers consisting of nominally 4 MLs have We assume that these additional states occur at significantly higher energies for the AlAs injection barriers than for the AlAs barriers in the quasi-miniband region and even more pronounced than for the ternary Al 0.25 Ga 0.75 As barriers. Therefore, leakage currents bypassing the laser states are possibly reduced by using AlAs for the injection barriers.
In addition, the role of interface scattering needs to be considered in more detail. Although the higher barriers lead to larger scattering due to interface roughness, 19, 33 the wave functions of the laser levels for the applied hybrid design with a vertical lasing transition show an almost negligible amplitude at the interfaces so that interface scattering is very small. Furthermore, the constituent wave functions of the quasi-miniband are indeed exposed to increased interface scattering, and pure miniband transport is reduced. However, the above mentioned composition fluctuations may open additional transport channels, since we expect the additional states to occur at lower energies than for the injection barriers.
To show the reliability of the rather thin AlAs barriers, a second structure for the same target frequency with a nominally identical layer sequence but an increased doping density from 2 Â 10 17 to 3 Â 10 17 cm À3 was investigated. The L-J-V characteristics as shown in Fig. 4(c) At the same time, the maximum output power of 16 mW is almost doubled, i.e., the (pulse mode) wall plug efficiency is again about 1.2 Â 10
. Furthermore, the maximum operating temperature is increased from about 70 to about 85 K.
As shown by the L-J-V characteristics in Fig. 4(d) for cw operation of a GaAs/AlAs laser (0.12 Â 1.11 mm 2 ridges) with the lower doping density, the wall plug efficiency reaches again about 1.2 Â 10 À3 . The mode spectra including the target frequency are shown in Fig. 5(b) . While the temperature-dependent optical output power 31 is similar to the values obtained from the laser used in GREAT, the electrical pumping power is reduced. Therefore, also the required cooling power is reduced, and/or a lower operating temperature can be achieved using the Stirling cooler. Furthermore, a similar QCL with a preliminary design using the AlAs barriers operating at about 3.4 THz in pulse mode exhibits also a very small threshold current density. However, this laser suffers from an NDC at lower field strengths (cf. Ref. 19 ). In our preliminary design with a rather low doping density (5 Â 10 16 cm
), the interplay between the dipole-like space charge and the simultaneous coupling of the laser levels to the injector and the extraction miniband has still to be optimized in order to shift the NDC to higher field strengths. Therefore, the maximum optical power of this laser is still rather small. In summary, QCLs based on the GaAs/AlAs heterostructures exhibit superior operating parameters over lasers with Al 0.25 Ga 0.75 As barriers at least for the employed hybrid design with a vertical optical transition. In particular, the (pulse mode as well as cw) wall plug efficiency can be significantly increased. We believe that the design as well as the balance between barrier thicknesses and doping density for the GaAs/AlAs QCLs can be further optimized so that improvements with respect to other operating parameters are also expected. In addition, the possibility of employing AlAs alternatively to Al x Ga 1Àx As barriers for THz QCLs enhances the flexibility in the design of these devices. 
